Ferrocenylmethyldimethylamine, FcCHzNMe z , reacts with CH zCl z in either the presence or absence of non-coordinating counterions to give equimolar amounts of the bis(ferrocenylmethyl)dimethyl ammonium salts (FcCH z )zNMe 2 + X -(X -= PF 6-, SbF6" , BPh 4 -or CI -, la -d) and the corresponding protonated ammonium salts FcCH 2 NMe 2 H + which have been isolated as the SbF6" and CI -salts 2b,d . The reaction proceeds via fragmentation of an intermediate quaternary chloromethylated ammonium ion to chloromethylferrocene, FcCH 2 CI, and dimethyliminium chloride NMe 2 CHt CI -. The parent amine acts as a nucleophile toward FcCH 2 CI to give la -d and as a base toward NMe 2 CH t to give FcCH 2 NMe 2 H + , NMe 2 H and (Me 2 NhCH 2 . The FcCH 2 CI intermediate is intercepted by NEt3 while KCN or LiH do not successfully compete with FcCH 2 NMe 2 • A new, non-toxic, selective, high-yield route to Id is also presented. Electrochemistry and UV -vis spectroelectrochemistry reveal, that the two identical redox centers in la -d are essentially non-interacting. Individual EI /2 values have been determined for different solvents by digital simulation. The corresponding ferrocenium salts were prepared by either chemical or electrochemical means and accordingly characterized. Our studies are augmented by X-ray structure analyses of lb, ld and 2d . ld contains three different cation conformers and four molecules of water per unit cell. The latter are hydrogen bonded to the chloride counterions to form one-dimensional infinite chains parallel to the a axis.
Introduction
We have recently reported that the putative cationic ruthenium butatrienylidene intermediate [Ru] =C=C= C=CH 2 + may be trapped with tertiary amine nucleophiles to give novel Ru-ammoniobutenynyl complexes
[Ru]-C=C-C(NR 3 )=CH i PF;; ([Ru] = trans-Ru(dppmh Cl, R = Et, PI') in CH 2 Cl 2 as solvent [1] . Following this line of work we have attempted to incorporate ferro-cenylmethyldimethylamine, FcCH 2 NMe 2 , as an additional reversible redox center into such molecules. An inseparable variety of phosphorus containing products was , however, obtained from which the binuclear ammonium ion (FcCH 2 hNMe 2 + was isolated as an orange solid . This was our incentive for initiating an indepth study of the reactivity of FcCH 2 NMe 2 with CH 2 Cl 2 itself.
The fact that certain amines are reactive toward CH 2 CI 2 , and the factors governing their reactivity, have already been well established [2, 3] . N-methylated tertiary amines of sufficient nucleophilicity readily give the Menschutkin reaction and form crystalline chloromethylammonium salts which directly precipitate from solution [2 -5) . With secondary amines the reaction is more complex. The corresponding hydrochlorides and bis(diamino)methylene derivatives (aminals) are the most frequently encountered products and usually both are found in the crude reaction mixture. It has been concluded that both evolve from N -methylene iminium intermediates R1N=CH 1 + which, under the reaction conditions, cannot directly be detected [2, 6] . This thought is supported by the frequent observation of typical Mannich products as minor or even the major components. More recently the reaction of secondary amines with CH1Cl 1 has evolved into a stratagem for the in situ preparation of iminium salts and their conversion to Mannich products [7] [8] [9] .
In the course of our investigations we became aware that we had discovered a highly unusual CH1CI 1 induced fragmentation of a tertiary organometallic amine.
Equal proportions of the binuclear (FcCH1hNMe 1 + and the protonated starting material FcCH1NMe1H + are formed in the overall process. It should be noted that none of these cations is really new. The protonated amine is easily available from the reaction with an appropriate dilute acid [10] whereas (FcCH1hNMe 1 + Br -has already been obtained by the von Braun cleavage reaction of the parent amine (i.e. its reaction with BrCN) [11) . Thus, it is not the products but rather the underlying reaction pathway relating them that constitutes the novelty of our findings. As we will point out, the bis(ferrocenyl-methyl)dimethyl ammonium salt results from the fragmentation of a quaternary chi oro methyl ammonium intermediate and the subsequent trapping of the liberated FcCH1CI by the parent amine. In addition we have investigated two of the (FcCH1hNMe 1 + salts as well as the hydrochloride FcCH1NMe1H + CI -by X-ray structure analyses. Remarkably, (FcCH1hNMe 1 + CI -·4/3H 1 0 contains pairs of three different cation conformers and eight molecules of water that are hydrogen bonded to the Cl -counterions per unit cell. Our studies are augmented by electrochemical investigations which reveal two very weakly coupled, reversible redox centers in (FcCH1hNMe 1 + and its reductively induced fragmentation as well as the cathodic deprotonation of the hydrochloride. The radical tri-or dications have also been prepared and investigated by ESR and UV -vis spectroscopy. In addition an alternative, non-toxic, high-yield route to (FcCH1h NMe 1 + CI -has been elaborated.
Results and discussion

Formation of the bis(ferrocenylmethyl)dimethyl
ammonium salts (FcCH.}2NMef x -(X -= PF"6,
SbF"6 , BPh ; (la -c))
Our entry into this chemistry came from a reaction aimed at attaching the ferrocenylmethyldimethylamine nucleophile (FcCH1NMe 1 ) as a reversible redox center to the electrophilic C y of an in situ prepared [Ru] =C=C=C=CH 1 + intermediate ( [Ru] = trans-RuCl(dppm)2' dppm = bis(diphenylphosphino)methane) [1, 12) . (FcCH 2 hNMet SbF 6 -(lb) proved to be the only isolable compound and was subsequently characterized by NMR, IR and UV -vis spectroscopy as well as by C, H, N analysis. Made curious by this unexpected outcome we decided to investigate this reaction in more detail. To these ends we first reacted the parent amine FcCH 2 NMe 2 with a suspension of NaSbF 6 or NaPF 6 in CH 2 Cl 2 under ambient conditions. lb and la were readily identified and isolated as one of the two products detected by NMR investigation of the crude reaction mixture. We were now concerned that the chemically somewhat unstable suspensions of hexafluoro-ate anions in CH 1 CI 2 , and more specifically, the fluoride liberated upon their decomposition [13] might be involved in this process and therefore turned to the BPh 4 -anion. When FcCH 2 NMe 2 was treated with NaBPh 4 in CH 2 CI 2 , (FcCH 1 )lNMe 2 + BPh 4 -(lc) was obtained in good yield as an orange, analytically pure precipitate. The mother liquor still contained some lc and again the same by-product as in the case of la,b as detected by NMR. All our initial attempts to isolate this second component by crystallization from chlorobenzene or chlorobenzene/CH 3 CN mixtures failed and lead to either pure la-c, mixtures of the two products or, especially upon warming, decomposition as indicated by the precipitation of some dark brown insoluble powder.
The ammonium cations present in la-c exhibit essentially identical spectroscopic properties and, in their IR spectra, besides identical absorptions of the cation those of the respective counterion. Integration of the 'H-NMR signals indicates that in la-c NMe and ferrocenylmethyl groups are present in a I: I ratio. While all signals are shifted downfield with respect to the parent amine this effect is most pronounced for the methyl and methylene groups which are directly attached to nitrogen (see Table I ). The same holds for the i3C resonances with the notable exception of the ipso carbon of the substituted ferrocene ring which in contrast is shifted by more than II ppm toward a higher field. All carbon atoms directly attached to nitrogen are split into non-binomial triplets with couplings to the 14N nucleus that amount to 4.4 Hz for the NMe groups and 2.2 Hz for the CH 2 units of the ferrocenylmethyl moiety. Such splitting patterns are characteristic of quaternary ammonium ions [14) . The UV -vis spectra may be regarded as archetypical of the ferrocenyl chromophore with molar absorptivities that are approximately twice as high as for derivatives with only one ferrocenyl moiety per molecule [15] ( Table I) . While these observations left little doubt as to the identity of la-c the final proof came from an X-ray analysis of Ib (vide infra).
Investigations into the reaction mechanism
The identical outcome of all reactions regardless of the specific counterion finally brought the role of the solvent into focus. We indeed observed the same reaction as above upon stirring the parent amine in neat CH 2 CI 2 • The crude product contained a second component with identical NMR signals as before but again only the chloride salt Id was obtained in moderate yield by crystallization from chlorobenzene/CH)CN mixtures. This spurred our curiosity whether this reaction is unique for CH 2 CI 2 . In only a brief survey we found that ferrocenylmethyldimethylamine possesses a long term stability in methanol, while it is reactive toward CHCI), CH)CN and CH)N0 2 . The reaction with CHCI) proved to be of special significance to us. Upon stirring a mixture of the parent amine and excess NaSbF 6 for 2 days in this solvent an orange suspension gradually formed . After workup a pure compound was obtained which proved to be identical with the as yet unidentified second product of the CH 2 Cl 2 reaction. It was finally characterized as the protonated ammonium salt FcCH 2 NMe 2 H + SbF 6 -(2b). The hydrochloride 2d was similarly obtained in the absence ofNaSbF 6' For comparison purposes with Ib its molecular structure in the solid state was established by X-ray structure analysis (vide infra). The same reaction was also observed in the considerably less acidic CH)CN and CH)N0 2 , albeit on a much longer time scale (ca. 1 week). In their IH-NMR-spectra 2b,d exhibit resonance signals of N -methyl and ferrocenylmethyl groups in a 2: I integral ratio. All signals are shifted to a lower field with respect to the parent amine. This also holds for the I)C-NMR spectra with again the exception of the ipso carbon of the substituted ferrocenyl ring and, remarkably, the NMe groups for which, in turn, significant upfield shifts are observed (Table I) . In 2b,d the methyl and methylene carbons appear as singlets without any detectable coupling to nitrogen. The NH proton gives rise to a weak, rather broad signal in the 'H-NMR spectrum and a band at 3235 cm -I in the IR (KBr) spectrum. UV -vis spectra of 2b,d are very similar to la-d but with roughly only half the molar absorptivity.
Having identified both products we then found that these were present in basically equal amounts in each of the crude reaction mixtures obtained from CH 2 CI 2 . This was further substantiated by following the conversion of ferrocenylmethyldimethylamine to Id and the hydrochloride 2d by means of in situ NMR spectroscopy in CD 2 Cl z ' Within 30 min the signals of the binuclear (FcCH 2 hNMet ion were discernible and slowly increased in intensity. The progress of the reaction was accompanied by a continuous downfield shift of the signals pertinent to the starting material indicating the concomitant formation of its conjugate acid and the appearance of new signals in the aliphatic region of the 'H_ and 13C-NMR spectra. Two additional small triplet signals for the Cp-protons of a ring substituted ferrocene were observed at 0 = 4.77 and 4.60 ppm with a coupling constant of 1.96 Hz as well as a signal in the 13C-NMR at 0 = 70.4 ppm which we tentatively attribute to the elusive chloromethylferrocene (vide infra). We also noted a distinct broadening of the methyl resonance of the FcCH 2 NMe 2 /FcCH 2 NMe 2 H -I-exchange signal, especially at some intermediate stage. This signal also appeared to be of larger intensity, as expected, and to be slightly shifted with respect to the pure compound. After about 3 days the reaction had gone to completidn as indicated by the constant shift values and integral ratios of the individual components in the reaction mixture. Id and 2d were indeed formed in essentially equimolar amounts.
Scheme I outlines an overall mechanism which is in accordance with all our observations. The initial, and obviously rate determining step [3, 6] is the nucleophilic attack of the amine on the electrophilic carbon atom of the CH 2 Cl 2 solvent molecule which has been attributed a carbonyl like character [3] . This step, the so called Menschutkin reaction, has ample literature precedent [2 -5,14] . Unlike any other case known to us, the resulting quaternary chi oro methyl dimethyl ammonium salt [FcCH 2 NMe 2 CH 2 Cl] -I-Cl -(A) is unstable and breaks down liberating chloromethylferrocene. Its subsequent reaction with a molecule of the starting material to give la-d is also a key step of the original high yield synthesis of (FcCH2)2NMet Br - [11] . Let us now turn to the second fragment resulting from the decomposition of A. From stoichiometry reasons we were soon pointed to N,N -dimethylchloromethyl amine which, according to the literature, is more adequately described as the iminium chloride Me 2 N=CH 2 -1-Cl - [16 -18] . If so, this compound must be acidic enough to protonate the 205 starting material to its conjugate acid. The feasibility of this step was suggested to us by previous findings indicating that the iminium ion reacts with amines with a pK" smaller than 10.8 by deprotonation but usually adds to tertiary amines oflower basicity and low steric demand to give monoquaternary salts of monoalkylated aminals Me 2 NCH 2 NR/ [19] . While ferrocenylmethyldimethylamine (pK" in H 2 0 = 9.84 [20] , but note that the pK" in media of low dielectric constant may be significantly lower [21] ) still lies below this limit, the formation of FcCH 2 NMe 2 H -I-presents clear evidence that in our case deprotonation occurs. Bis-(N,N -dimethylamino )methane, dimethylamine and 1,2-bis(dimethylamino)ethene have been identified as deprotonation products of the iminium salt [19] and this finally reminded us of the small additional signals in the aliphatic region that we had noted during our in situ NMR spectroscopic investigations.
In order to lend more credibility to this final reaction step and to positively identify the products arising from the proposed iminium intermediate we independently synthesized Me 2 N=CH 2 -1-Cl-and checked its reaction with equimolar amounts of FcCH 2 NMe 2 . Upon mixing, the iminium chloride which is only sparingly soluble in CD 2 Cl 2 gradually dissolves, forming an orange suspension. At no time did the supernatant exhibit the characteristic low field 1 Hand l3C signals of the iminium ion [18, 19] (2) . This side process must also be operative in the overall reaction of the parent amine with CH 2 Cl 2 and is consequently added in Scheme 1. We could, however, obtain no firm evidence for the formation of bis( dimethyl amino )ethene. If formed at all, it is most probably only a minor component [19] (1) (2) Let us now discuss some of the more immediate implications of the overall conversion. First, regarding the reactions of similar amines with dihalomethane solvents, ferrocenylmethyldimethylamine sticks out as highly unusual in that its quaternary chloromethylammonium salt (intermediate A in Scheme 1) readily fragments into chloromethylferrocene, FcCH 2 Cl, and N,N -dimethyliminium chloride, even under ambient conditions. In contrast, the corresponding trimethylammonium ion FcCH 2 NMet is perfectly stable, its iodide being commercially available in large quantities. While this compound has evolved into a key synthon for the synthesis of substituted ferrocenes FcCH 2 R [23] , it is revealing to note that the conditions required to substitute the NMe 3 group are rather harsh compared to those applied in our case. Obviously the substitution of one proton by a chlorine atom is sufficient to destabilize the quaternary ammonium ion toward fragmentation. Both fragments may be regarded as rather high energy molecules. In fact, FcCH 2 Cl is a rather labile ferrocene derivative known as a source of the resonance stabilized ferrocenylmethylene cation FcCH 2 + [24,2S] . Its DielsAlder reaction with cyclopentadiene in CH 2 Cl 2 at -78°C constitutes the most striking example for such a behavior [26] and implies that appreciable amounts of the ferrocenylmethylene cation are formed from FcCH 2 Cl even at low temperatures in low dielectricity media . The ferrocenylmethylene carbenium ion on the other hand is an extremely well investigated and easy to prepare species [27] . Its high intrinsic stability has been ascribed to resonance effects and the coordination of the exo double bond to the Fe nucleus in a fulvalenyl type structure [28] .
Attempted trapping of the FcCH t intermediate with other nucleophiles
Having proposed the intermediacy of chloromethylferrocene (Scheme 1) we were now striving to trap this species with nucleophiles other than the parent amine. Attempts to employ LiH, NaBH4 or KCN were, however, not met by success. Instead, (FcCH 2 hNMe 2 + Cl -(ld) and the hydrochloride 2d were isolated in good to excellent yields after chromatographic workup of the crude reaction mixtures. Since CH 3 CN/H 2 0 mixtures were employed as eluants the isolated samples of Id all contain variable amounts of water as shown by a broad signal in the 'H-NMR at (j = 2.20-2.25 ppm and a broad, very intense, structured absorption band in the 3600-3300 cm -, region in the IR spectra. Both are absent in water free samples of Id. Moreover, small shift differences as compared to water free samples are found in the NMR spectra (see Table 1 ). Thus, they are best formulated as Id· nH 2 0 with n ranging from 1 to 3. Orange-brown crystals grown from one of these samples were also investigated by X-ray analysis (vide infra). Remarkably, samples of 2d obtained by this protocol do not incorporate water. During workup, traces of a low polarity ferrocene derivative were noted in each case. .S (CPunslIbsl.» but the low yields and our inability to crystallize the oily residue precluded their firm identification. We nevertheless believe that these samples are FcCH 2 Cl. Our failure to isolate FcCH 2 X (X = H, CN) from these reactions may be due to either the rather limited solubility of the applied nucleophile salts in CH 2 Cl 2 and/or the higher nucleophilicity of the parent amme.
We therefore decided to react FcCH 2 NMe 2 with CH 2 Cl 2 in the presence of a IS-fold excess of NEt 3 . This amine reportedly does not react with CH 2 Cl 2 to an appreciable extent during the typical time scale of our experiments [3] but is still a potent nucleophile. Thus, it may serve as both a trapping reagent and a base [19] , capturing the proton from NMe 2 CH 2 + Cl -liberated upon the fragmentation of A. Indeed, FcCH 2 NEti SbF6" (3) was formed beside roughly equal amounts of Ib in such a competition experiment, further supporting the mechanism depicted in Scheme 1. Attempts to separate Ib and 3 by column chromatography or fractional crystallization were unsuccessful but the spectroscopic data of 3 could nevertheless be established (Table 1) .
A non-toxic, high -yield route to (FcCH:;)2NMe t Cl -(ld)
The reactivity of FcCH 2 NMe 2 toward CH 2 Cl 2 is very reminiscent of the von Braun cleavage reaction, which, however, utilizes a much stronger electron acceptor (i.e. the CN group) than the chloromethyl moiety. The ease of fragmentation of intermediate A suggested to us that a similar reaction might be induced by treating FcCH 2 NMe 2 with a more powerful electrophile than CH 2 Cl. If chosen properly, such a reaction would then provide an alternative, high-yield route to the binuclear (FcCH 2 h NMe 2 + CI -(ld) without the necessity to employ the toxic BrCN [11], or sacrificing one third of the starting material with the additional hazzle to separate ld from equimolar amounts of the hydrochloride 2d.
In general, the conversion of aliphatic tertiary amines to alkyl halides (halo-de-amination) may be effected by either the von Braun cleavage reaction [29, 30] , by treating tertiary amines with phosgene [31] or certain chloroformates ROCOCI ( [30, 34] or upon heating the halogenides (preferably the iodides) of quaternary ammonium salts [35] ). The acyl substituent, on the other hand, is generally too weak an electron acceptor to induce the de-ami nation of quaternary salts R 3 NCOR' +. One exception are aminals which are readily cleaved by acetyl chloride [17] [18] [19] . This reaction provides the perhaps most general and easiest access to iminium salts (Eq. (3» . Since FcCH 2 + and Me 2 N=CHt are liberated from FcCH 2 NMe 2 CH 2 CI + with exceptional ease, we hoped that ferrocenylmethyldimethylamine might parallel the high reactivity of aminals. As outlined in Eq. (4) our expectations were indeed met by success. Upon simply adding half an equivalent of acetyl chloride dissolved in Et 2 0 to a suspension of FcCH 2 NMe 2 in the same solvent, the dinuclear Id was obtained as an analytically pure orange precipitate. The ready availability of acetyl chloride and its non-toxicity constitute a major advantage over the original route while providing the same high yield [11 ]. Table 2 Bond distances and selected bond angles for FcCH 2 NMe 2 1-I+Cl -(2d) The bis(ferrocenyl-methyl)dimethyl ammonium salts Ib and Id and the mononuclear hydrochloride 2d were investigated by X-ray structure analysis. Tables 2 and 3 list the bond lengths and relevant bond angles while fractional atomic coordinates and U cq are provided in Tables Sl-S3 in the Supporting Information. ORTEP plots of the respective cations are depicted in Figs. 1-3. The molecular structure of the FcCH 2 NMe 2 H + cation in the chloride salt 2d is very similar to that observed in either its tetrachlorozincate [39] or BI2Hi2 borane cluster salt [40] and also resembles that of the FcCH 2 NMet [41 -43] and FcCH 2 NMe 2 Et + cations [44] . As usually found for ferrocene derivatives, the two carbocyclic ligands are planar and parallel and exhibit a close to eccliptic conformation ( Table 4 ). The short NH ·· ·CI distance of 2.18 A suggests the presence of a rather strong H-bridge and compares well to the 2.13 A found for NH···O contacts to perchlorate in a ferrocene with an appended protonated oxoaza crown ether [45] .
It is much shorter than the 3.11 A. observed in the tetrachlorozincate salt, where the chloride is part of a complex counterion and additional hydrogen bonding to cocrystallized water exists (d NH .. o = 2.76 A) [39] .
Besides this structural evidence, the relevance of the NH ···CI interaction in FcCH 2 NMe 2 H + Cl -(2d) is demonstrated by a broad, intense and richly structured band in the IR that stretches from 2650 to 2350 cm -I. This band is shifted to lower energies by a considerable amount as compared to the analogous SbF 6 -salt 2b where a much weaker and sharper absorption band at 3235 cm -I is found instead.
Both, the SbF(, -and the CIsalts of (FcCH 2 h NMet cocrystallize with solvent molecules. In Ib one rotationally disordered molecule of chlorobenzene is found for each cation. Id· 4/3H 2 0 contains pairs of three different cation conformers (Z = 6) and eight molecules of water in the unit cell.
The four different (FcCH 2 h NMe 2 + cations in the structures of Ib and Id· 4/3 H 2 0 are rather similar. Relevant structural data are combined in Table 4 such that related bond parameters appear in the same row. Each of the cations display a cisoid arrangement of the two ferrocenyl subunits. The main differences originate from the interplanar angles between the substituted cyclopentadienyl ligands (CpR) on adjacent Fe atoms., Table 3 Bond distances and selected bond angles for the ( (25) 2.044 (7) Fe ( the rotational angles between the two ring ligands coordinated to the same Fe atom and the dihedral angles as defined by the two axes Fe-centroid of the respective CpR and a line connecting these centroids ( Table 4 ). The scatter of individual values suggests a fair amount of conformational flexibility within the binuclear cations. In all four cases the Fe atom binds somewhat asymmetrically to the two different carbocyclic ligands. While the mean Fe-C distances are almost identical for the substituted and the unsubstituted rings, the substituted ring ligand is slightly expanded and possesses the larger intraring C-C bond distances. This draws the less electron rich CpR ligand closer to the metal (Table 4) . A closer inspection of the data available for similar systems [39] [40] [41] [42] reveals the same overall picture which seems to be of more general validity. In the chloride salt Id' 4/3H 2 0 hydrophilic domains exist. They are formed by water molecules that are hydrogen bonded to the CI -counterions with Cl"'O distances ranging from 3.19 to 3.29 A. CI(l) and CI (2) form short contacts to three water molecules whereas CI(3) is bonded to 0(4) only. Due to the statistical re~laceI?ent of CI (3) by CN -and the cyanide nitrogen bemg disordered there are, however, some uncertainties in the structure pertaining to the vicinity of 0(4). The (H 2 0)iCl)3 entities are linked via shorter 0(4)" '0(2) hydrogen bridges of 2.94 A to one dimensional infinite chains that run parallel the a axis. One isolated chain is depicted in Fig. 4a . As shown in the packing diagram in Fig. 4b , the chains occupy channels that penetrate the cation sublattice. Contacts between the hydrophilic chains and the mostly hydrophobic cations are made via the roughly tetrahedral N(CH 3 h(CH 2 Rh+ subunits with the Cl -ions pointing toward two (CI(l), CI(2)) or three (CI(3)) triangular faces of the NR/ units of neighboring cations. Again, the presence of such interactions is indicated by an intense structured OH band centered at 3450 cm -I in the IR. It has already been suggested that hydrogen bridging between the methylene or methyl groups bound to a quaternary nitrogen and the counterion plays a certain role in such structures [39, 42] . The shortest contacts CR·-X (X = Fin SbF 6 - ). The relatively longer C"Cl contacts in Id may be due to the additional hydrogen bonding to the cocrystallized water molecules.
Electrochemistry
The anodic electrochemistry of FcCH 2 NMe 2 H + has already been explored [23, 45] and our data are in complete agreement with previous findings. The ferrocene/ferrocenium couple exhibits Nernstian behavior and, upon protonation, is shifted anodically by 0.185 V with respect to the parent amine. Full reversibility also prevails on the somewhat extended timescale of chronoamperometric or chronocoulometric experiments. We also observed a totally (chemically and electrochemically) irreversible one electron reduction wave. The peak potential depends on the electrode material and changes from -1.44 V at platinum and -1.58 V at gold to -1.84 V at glassy carbon. The chemical irreversibility does not allow for the observation of an associated anodic return wave. The electrochemical irreversibility leads to a broadening of the wave and a significantly 5) . The one electron reduction of FcCH 2 NMe 2 H + is thus accompanied by the loss of hydrogen. This reaction is well known for tertiary ammonium salts [47] and explains the electrode material dependent reduction potentials and the sluggishness of the electron transfer. The (FcCH 2 hNMe 2 + cations present in la-d comprise two electrochemically well behaved ferrocene subunits that are connected via a saturated CNC spacer. Related dinuclear systems have been extensively studied in view of the electronic communication between the identical redox centers. The degree of such interactions is a function of mainly two parameters: the electron delocalizing abilities of the bridging unit and the spatial separation and relative orientation of the two redox centers imposed by the bridge [48 -50]. The differences in half wave potentials of the individual one electron events as determined by voltammetry constitutes one, however only qualitative, indicator for electronic interactions between the two identical redox sites [48, 51] . The saturated CNC bridge is only a very poor delocalizer and so we expected to see only small differences in the EI /2 values. In fact, both one electron steps occur in a single, slightly broadened wave of almost identical peak height as was observed for an equimolar quantity of the ferrocene standard. The close resemblance of the peak heights is due to a broadening of the wave caused by slight differences of the individual E I /2 values and the opposite effects of the number of the transferred electrons n and the diffusion coefficient D . In cyclic voltammetry, the peak current is proportional to n 3 /2 ·DI /2. Once n is known, D is easily accessible from chronoamperometry by determining the slope of i(t) versus t -1/ 2 plots. We obtained a value of 0.86 x 10 -5 (0.02) cm 2 s -I which is about one third the value reported for ferrocene by Kochi et al. [52, 53] . The two electron nature of this wave was independently confirmed by comparing the diffusion controlled currents in a large amplitude potential step experiment and the limitting currents from steady state voltammetry for (FcCH 2 hNMe 2 + with those of the ferrocene standard as suggested by Baranski et al. [54] and finally by controlled potential electrolysis. Ferrocene was also employed as an internal redox standard to determine the exact degree of wave broadening in terms of the differences in peak potentials I1Ep and half widths Ep -E p / 2 ' These parameters are diagnostic tools that give access to the individual EI /2 values [55] . Our findings were additionally supported by digital simulation. Best fit parameters are listed in Table 5 and were obtained over a 10-fold increase in v for either CH3CN, propylene carbonate or DMF solutions. We expect these data to be accurate within a ± I mY range for CH 3 CN and propylene carbonate and ± 2 mY for DMF since the experimental results and the best fit data differed by no more than that from each other. According to Eq. (5), I1EI/2 values can be translated into equilibrium constants Kc for the comproportionation reaction in Eq. (6) . These values are also listed in Table 5 . One should, however, note that the wave splitting may rather be due to coulombic interactions between the increasingly charged redox centers than to electronic interactions between the two sites. This thought is strongly supported by UV -vis/ NIR spectro-electrochemical experiments in an optical transparent thin layer electrolysis (OTTLE) cell. From simple statistics one may deduce that after passage of only one equivalent of charge the monooxidized, mixed valent form must be the predominant species. The presence and strength of the electronic coupling between the two different redox sites can be inferred from the appearance and shape of an intervalence charge transfer band in the near IR [56] . Even when concentrated solutions were electro lysed gradually and slowly we were never able to detect any absorption in the NIR region down to 2600 cm -I. This result argues against any significant electronic interactions between the two ferrocenyl subunits in la -d.
The reduction of the (FcCH2)2NMe2+ cation occurs outside the potential range accessible in CH 3 CN but may well be studied in propylene carbonate or DMF (see Fig.  6 ). Again, the reduction is a chemically irreversible process. Unlike for the protonated FcCH 2 NMe 2 H + , however, the peak potential does not depend on the electrode material and the electron transfer rate is much higher with Ks in the range of ca. 0.1 cm' s -I . An even more striking difference is its two electron nature. This is evident from the only slightly decreased peak heights and the identical slopes of i(t) versus t -1/ 2 plots in chronoamperometry for the oxidation and the reduction waves. According to digital simulations the individual EO values for the two one electron uptake events can not be separated by more than 20 mY. This is rather surprising since quaternary ammonium salts usually undergo a one electron reduction followed by the cleavage of one of the C-N bonds according to Eq. (7) [47].
In the (FcCHzhNMe z + cation the bond rupture can occur in two different ways with either the loss of a methyl or a ferrocenyl substituent. Since earlier work points to the preferential formation of the more stable fragments [48] one may expect to see FcCHzNMe z resulting from the reduction of (FcCHzhNMet . If after sweeping past the peak of the cathodic wave the scan is reversed a new reversible feature does indeed appear at 0.185-0.245 Y negative of the oxidation wave, depending on the solvent. The peak potentials agree well with those of the FcCHzNMeg l + couple in the respective solvents. Addition of this amine to the analyte solution causes the new feature to gain in peak height but also induces a slight anodic displacement of the wave. At the present stage we can therefore not exclude that the C-N bond cleavage, in part or even completely, occurs in the opposite sense nor can we explain the two electron nature of the reduction wave. In view of the electrochemical behavior of (FcCHz)zNMe z + one may reasonably expect the two ferrocenyl subunits of a neutral biferrocenyl- Table 5 Redox potentials for ( 
/'o.E(V)
0.063 (2) 0.070 (2) 0.074 (4) b All potentials referenced to the Fco , + couple as internal redox standard.
c E'/2 of the new species generated by the ECE reduction process. 
Preparation and spectroscopic characterization of the corresponding ferrocenium salts
The oxidized monoferrocenium ion Fig. 7 . UV -vis traces during the oxidation of the FcCH 2 NMe 2 H + ion (top) and the (FcCH h NMet ion (bottom) in an OTTLE cell. In both cases the lowest curve represents the spectra before oxidation and the uppermost trace the spectra after complete oxidation to the ferrocenium ions.
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intense absorptions of the ferrocenium chromophore [57] . In the visible region the spectra are dominated by a fairly intense charge transfer band at A. max = 627 nm with severed ligand field transitions based on the 2E 2g ground state superimposed as shoulders on the high energy part of this band or discernable as discrete peaks (see Section 3). As in other ferrocenium systems, the IR spectra are less well resolved than those of the reduced counterparts and exhibit considerably fewer peaks. We note that air stable (FcCH2)2NMe~ + salts are available from commercial products in an easy, high-yield, twostep synthesis. They are capable of transferring two electrons at virtually the same potential and may be useful as a convenient oxidizing agent with an oxidizing power comparable to that of the acetylferrocenium ion.
Experimental
All manipulations apart from those involving Me 2 N==CH 2 + CI -and oxidation reactions with NO + were performed in undried solvents without any precautions to exclude moisture or air. Ferrocenylmethyldimethylamine was purchased from Lancaster and used as received. The deuterated solvents were supplied by Aldrich. Infrared spectra were obtained on a Perkin Elmer Paragon 1000 PC FT-IR instrument. IH (250.13 MHz) and 13C (62.90 MHz) NMR spectra were recorded on a Bruker AC 250 spectrometer at 303 K in CD 3 CN unless stated otherwise. For the in situ reactions of FcCH 2 NMe 2 in CD 2 CI 2 the NMR tubes were sealed to maintain a constant solvent volume. The spectra were referenced to the residual protonated solvent CH) or the solvent signal itself (13C) . If necessary, the assignment of 13C-NMR spectra was aided by appropriate DEPT measurements [58] . UV -vis experiments were performed with a Shimadzu UV-160 spectrometer in HELMA quartz cuvettes with I cm optical path lengths. The ESR equipment consists of a Bruker ESP 3000 spectrometer equipped with a HP frequency counter 5350 B, a Bruker NMR gaussmeter ER 035 M and a continuous flow cryostat ESR 900 from Oxford Instruments for low temperature work. Elemental analyses (C, H, N) were performed at inhouse facilities. Theoretical yields are calculated based on the overall reaction stoichiometry in Scheme 1.
All electrochemical experiments were performed in a home-built cylindrical vacuum tight one compartment cell. A spiral shaped Pt wire and a Ag wire as the counter and reference electrodes were sealed directly into opposite sides of the glass wall while the respective working electrodes (Pt 350 11m, glassy carbon 1.1 mm, Au 60 11m diameter, polished with 0.25 11m diamond paste (Buehler-Wirtz) before each experiment) were introduced via a teflon screw cap with a suitable fitting . The cell may be attached to a conventional Schlenk line via two sidearms equipped with teflon screw valves and allows experiments to be performed under an atmosphere of argon with approximately 2.5 ml of analyte solution. The solvents were obtained in the highest available purity from commercial sources (CH 2 CI 2 and propylene carbonate from Fluka (Burdick and Jackson), CH 3 CN (HPLC Gradient Grade) from Roth) and treated with alumina (2 -5 mm particles for drying purposes from Fluka) while being freeze -pump-thaw degassed (three times) or purged with argon (at least 20 min). NBu 4 PF 6 (CH 2 Cl b CH 3 CN) or NBu 4 CI0 4 (propylene carbonate, 0.25 mM each) were used as the supporting electrolytes. All potentials are referenced versus ferrocene. All electrochemical data were acquired with a computer controlled EG&G model 273 potentiostat utilizing the EG&G 250 software package. Controlled potential electrolyses were performed in a home built, air-tight three compartment cell with electrodes (working electrode: Pt-basket, 3 cm diameter, auxiliary electrode: Pt-basket 1 cm diameter, reference electrode: Ag-rod, 3 mm diameter) sealed directly into the glass. The OTTLE cell was also home built and comprised a Pt-mesh working and counter electrode and a thin silver wire as a pseudo-reference electrode sandwiched between the CaF2 windows of a conventional liquid IR cell. The working electrode was positioned in the center of the spectrometer beam. Digital simulations of experimental CVs were performed with DigiSim® (version 2.1) available from BAS.
Syntheses of (FcCH;)2NMef x -(X -= PF(; (la), SbF(; (lb))
FcCH 2 NMe 2 (0.245 g, 1.01 mmol) was dissolved in CH 2 CI 2 (25 ml) and an equimolar amount of NaEF 6 (E = P, 0.171 g; E = Sb, 0.265 g) added as a solid. The suspension was stirred for 3 days under ambient conditions. The solution was then transferred to a flask by filter cannula and the solvent removed in vacuo. The resultant tarry residue was extracted into a warm 2: I chlorobenzenejCH 3 CN mixture (10 ml; caution: extensive warming will result in decomposition as indicated by the formation of a dark brown insoluble material). The solution was filtered, slowly cooled and concentrated. After 2-3 days (FcCH 2 hNMe 2 + EF 6 -crystallized as orange-yellow needles (PF 6 -) or large hexagonal plates (SbF 6 -). Yields 
Synthesis of (FcCH;)2NMef BPh 4 (Ic)
FcCH 2 NMe 2 (0.243 g, 1.0 mmol) was dissolved in CH 2 CI 2 (20 ml) and solid NaBPh 4 (0.358 g, 1.05 mmol) added . The yellow-orange suspension was stirred for 3 days under ambient conditions. The resulting orange solid was allowed to settle and isolated by removing the mother liquor via filter cannula. It was washed with two additional 3 ml portions of cold CH 2 CI 2 and dried in vacuo. Yield: 0.185 g, 0.24 mmol, 72%. The mother liquor still contains appreciable amounts of the product and 
Synthesis of (FcCH;)2NMe2+ Cl -(ld)
A solution of FcCH 2 NMe 2 (0.128 g, 0.53 mmol) in 10 ml CH 2 Cl 2 was stirred at room temperature for 3 days, the solvent evaporated and the tarry residue dissolved in a minimum amount of warm CH 3 CN. After filtration, the solvent was allowed to slowly evaporate until small amber crystals had formed. One more crop was obtained upon further concentration of the mother liquor. Combined yield: 0.059 g (0.165 mmol), 70%. Anal. found: C, 59.93; H, 6.00; N, 2.91. C 24 H 28 CIFe 2 N requires C, 60.34, H, 5.91; N, 2.95.
Synthesis of FcCH 2 NMe 2 H + SbF(; (2b)
FcCH 2 NMe 2 (0.577 g, 2.37 mmol) was dissolved in a suspension of NaSbF 6 (1.24 g, 5.75 mmol) in 20 ml CHCI 3 and stirred for 2 days at room temperature. The resulting orange solid was filtered off, dried in vacuo and extracted into 15 ml of CH 2 CI 2 . The yellow-orange solution was put to dryness to leave an orange powder. The mother liquor was concentrated in vacuo and purified by column chromatography (neutral alumina, 15 x 3 cm, 4% H 2 0 in CH)CN as eluant). The product was obtained as an orange fraction . Combined yields 0.657 g, 1.38 mmol, 58%. Anal. found: C, 32.65; H, 3. 
Reaction of FcCH 2 NMe 2 with Me 2 N =CH j Cl -
Under Ar, Me 2 N=CH 2 + C1 -(27 mg, 0.288 mmo1) were balanced into an NMR tube and a solution of72 mg (0.29 mmol) FcCH 2 NMe 2 in CD 2 CI 2 added. The NMR tube was closed with an air tight screw cap and NMR spectra acquired over the course of 4 h. An additional experiment was performed in CD 3 CN on a 0.225 mmol scale. After full equilibration was obtained, the samples were removed from the NMR tubes and slowly added to rapidly stirred Et 2 0 (15 ml) which caused the precipitation of an orange solid. The solvent was removed by filter cannula and the solid dried in vacuo. Yield: 0.11 g. NMR spectroscopic investigation of the orange powder revealed the presence of FcCH2NMe2H + and (FcCH 2 hNMe/ in an approximate ratio of 20: 1.
The reaction of FcCH 2 NMe 2 H + with M e 2 NCH 2 NMe 2
N,N-(Dimethylaminomethyl)ferrocene hydrochloride 48 mg (0.17 mmol) was dissolved in CD 2 CI 2 and added to a NMR tube which was closed with a septum screw cap. A total of eight 0.25 equivalent aliquots of the aminal were added in portions via microliter syringe. The sample was allowed to equilibrate for 20 min after each consecutive addition and then NMR spectra were acquired. They showed a continuous upfield shift for the signals associated with the substituted ferrocene as well as a low field shift for those of the aminal. 
3.B. Trapping experiments with LiH, NaBH 4 and KCN
These reactions were performed on a 1 mmol scale in 25 ml of CH 2 Cl 2 with a 4-to 5-fold excess of the trapping reagent. After 3 days of stirring under ambient conditions, the orange suspensions were filtered with a paper tipped cannula and the solvent stripped off in vacuo. The oily or tarry residues were purified by column chromatography on neutral alumina with a 5% H 2 0 /CH 3 CN mixture as the eluant. A dark orange zone was rapidly eluted followed by two well separated yellow-orange fractions . The fractions were collected, stirred over anhydrous MgS0 4 for 1 h, filtered and the solvents removed on a rotary evaporator. The first fraction yielded a small amount of a dark orange oil, whereas the second and third fractions were obtained as orange microcrystals. Yields: Fraction 1: 6-10 mg. 
Trapping experiment with NEt 3
FcCH 2 NMe 2 (0.39 g, 1.6 mmol) was dissolved in 25 ml ofCH 2 Cl 2 and solid NaSbF 6 (0.83 g, 0.32 mmol) and NEt3 (2.50 g, 24.6 mmol, 15 equivalents) were added. The mixture was stirred at room temperature for 3 days, and the orange-red suspension filtered over cannula. The solvent and the amine were distilled off and the oily residue chromatographed on neutral alumina with H 2 0 / CH 3 0H 1:15. An orange fraction was obtained which was immediately followed by a second, darker orange fraction. Both were dried over anhydrous MgS0 4 , filtered and the solutions concentrated in vacuo . From the first fraction large orange needles soon formed. After 5 h the mother liquor was pipetted off and the crystalline material dried in vacuo. The second fraction gave a yellow oil which very slowly crystallized. Both samples were found to contain (FcCH 2 )zNMe/ and FcCH 2 NEt 3 + , albeit in a somewhat different product distribution. Combined yield: 0.385 g. diately precipitated from solution. After the addition was complete, the solution was stirred for further 2 h and then filtered via a paper tipped cannula. The orange solid was washed three times with 5 ml portions of Et 2 0 each and then dried in vacuo to give pure (FcCH 2 hNMe 2 + CI -. Yield: 0.600 g, 88%.
Reaction of FcCH 2 NMe 2 with acetyl chloride
. Ox idation of FcCH 2 NMe 2 H + SbFr; by NO + SbFr;
FcCH 2 NMe 2 H + SbF 6 -(0.042 g, 87.5 !lmol) was dissolved in I ml of degassed CH)CN and solid NO -1 -SbF 6-(0.023 g, 86 ~t1nol) was added . The solution rapidly turned intense green and was purged with Ar for 30 min. The product was then precipitated as a tar by addition of Et 2 0 (3ml) . After syringing off the mother liquor and briefly drying in vacuo, the material was redissolved in the minimum amount of CH 3 CN and this solution very slowly added to 5 ml of cold, rapidly stirred Et 2 0. The mother liquor was again removed by a fine pipette and the residue dried in vacuo at elevated temperatures. The product was obtained as a dark blue-green, brittle solid. Yield: 0.047 g, 75%. UV -vis A (nm) (8 
12. Oxidation of (FcCH:J2NM ej Cl -with Ag + BF'4
(FcCH 2 hNMe 2 + Cl -(ld) (0.12 g, 0.26 mmol) was dissolved in CH 2 CI 2 (20 ml). Upon addition of solid AgBF4 (0.15 g, 0.78 mmol) the color of the solution immediately changed to dark blue-green and a precipitate formed (note that the potential of the AgO! + couple is strongly solvent dependent [60] and that Ag + is a strong enough oxidant to effect the conversion of (FcCH2)2NMe2+ to its trication in CH 2 Cl 2 but not in CH)CN) . The suspension was stirred for 2 h at room temperature and then filtered via a paper tipped cannula. The residue was dried in vacuo, extracted into CH)N0 2 (2 x 5 ml) and filtered by cannula. After concentration to ca. 2 ml in vacuo, ether was added to precipitate the product as a heavy dark blue oil which was dried in vacuo for several hours. The product was obtained as a hard brittle intense colored solid. The presence of both CH 3 N0 2 and CH 2 CI 2 in this solid was revealed by NMR-spectroscopy. Yield: 0.179 g, 81%. 
3.l3. X -ray structures
Experimental data pertaining to the X-ray structures have been summarized in Table 6 . Hydrogen atoms were positioned geometrically. A riding model was assumed for refinement of those atoms with isotropic thermal parameters being 1.5 times (CH)-groups) and 1.2 times (Cp -H, CH-/t, CH 2 -groups) the values of the carrier carbon atoms.
For Ib the anion and the solvent molecules are disordered. A fixed geometry was applied for the latter. 
Supporting material
Tables containing the fractional atomic coordinates and isotropic displacement parameters for 2d, Ib and Id·4/3H 2 0 (Tables SI -S3) .
